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In preparation for the heavy ion program at the relativistic heavy ion collider (RHIC) d-Au
collisions were designated as a control experiment for possible discovery of a quark-gluon plasma
(QGP) in more-central Au-Au collisions, and contrasting results from the two systems seemed to
support such a discovery. In contrast, recent results (pt-spectrum and angular-correlation features)
from p-Pb collisions at the large hadron collider (LHC) have been interpreted to support claims of
hydrodynamic flows and QGP formation even in small collision systems. The present study addresses
such claims via a two-component (soft + hard) model (TCM) of identified-hadron (PID) pt spectra
from 5 TeV p-Pb collisions. p-Pb centrality is adopted from a previous study of ensemble-mean p¯t
data from the same system. p-Pb pt spectra for pions, kaons, protons and Lambdas are described by
the TCM within their point-to-point uncertainties. Invariance of the TCM hard component vs p-Pb
centrality indicates that jet formation remains unchanged in p-Pb collisions relative to p-p collisions,
and radial-flow contributions to spectra are negligible. These p-Pb TCM results have implications
for interpretation of similar data features from A-A collisions in terms of QGP formation.
PACS numbers: 12.38.Qk, 13.87.Fh, 25.75.Ag, 25.75.Bh, 25.75.Ld, 25.75.Nq
I. INTRODUCTION
It is conventionally asserted that conditions arising
in more-central high-energy nucleus-nucleus (A-A) col-
lisions (high temperatures and densities) are sufficient
to achieve deconfinement of colored quarks and gluons
from nucleons to form a quark-gluon plasma (QGP) [1].
But interpretation of certain data manifestations from
A-A collisions to confirm QGP formation relies on es-
tablishment of control experiments involving low-density
p-p and p-A collision systems where a QGP is unlikely:
“The interpretation of heavy-ion results depends cru-
cially on the comparison with results from smaller col-
lision systems such as proton-proton (pp) or proton-
nucleus (pA)” [2]. Initial results from the relativistic
heavy ion collider (RHIC) seemed to confirm those expec-
tations by the presence (in Au-Au) vs absence (in d-Au)
of jet quenching in spectra and angular correlations [3].
However, claims have emerged, based mainly on data
from the large hadron collider (LHC), that evidence for
“collectivity” (conventionally interpreted to mean hydro-
dynamic flows) has been observed in p-A data [4], and
some even conclude that collectivity is evident in p-p col-
lisions [5], thus negating the intended role of p-A or d-
A and p-p collisions as experimental controls. The re-
vised conclusion has emerged that QGP and flows must
be universal phenomena for all high-energy nuclear colli-
sions [6]. However, it has been recognized that such inter-
pretations, and the implication that there may be no den-
sity threshold for QGP formation, pose a central problem
for interpretation of high-energy particle data [7].
The new experimental evidence is derived from two-
particle angular correlations and from pt spectra. 2D an-
gular correlations on (η, φ) from high-charge-multiplicity
nch p-p collisions exhibit a same-side (on azimuth) sin-
gle “ridge” (maximum at φ = 0) extending over a large
pseudorapidity η interval [5]. A so-called “double ridge”
structure (with maxima at φ = 0, pi) has also been ob-
served [4]. The latter is formally the same quadrupole
structure cos(2φ) associated with elliptic flow parameter
v2 in A-A collisions. The ridge structure(s) have been
interpreted by some as flow manifestations [6].
Evidence from pt spectra relates to apparent indica-
tions of radial flow in the form of “flattening” or “hard-
ening” of spectra (increase of slope parameter T ) with
increasing nch or centrality. The changes are more pro-
nounced for higher-mass hadrons. Fits to spectra with
a blast-wave model return parameters Tkin and β¯t, the
latter interpreted as a measure of radial flow [8]. The gen-
eral trends with nch and hadron mass are similar to those
encountered in A-A collisions where they are interpreted
to indicate radial flow increasing with centrality [9].
However, such a reversal of the control function of p-p
and p-A systems is questionable. It remains reasonable
to maintain that if a phenomenon is observed in low-
density p-p or p-A collisions it is unlikely to demonstrate
formation of a dense medium in A-A collisions and should
not be interpreted as such. Alternative analysis methods
applied to small-system data have lead to interpretations
based on minimum-bias (MB) jets rather than flows, cast-
ing doubt on flow interpretations inferred from the same
data [10]. Abandonment of the control function of p-p
and p-A or d-A data should therefore be reconsidered.
High-energy nuclear data exhibit a basic property: cer-
tain composite structures require a two-component (soft
+ hard) model (TCM) of hadron production as demon-
strated initially for p-p collisions [11, 12]. The TCM has
since been applied successfully to Au-Au [13, 14] and
p-Pb [15, 16] collisions. As a composite production model
the TCM is apparently required by spectrum [17] and
correlation [11] data for all A-B collision systems.
In a previous study [16] a TCM for spectra and
ensemble-mean pt or p¯t data from 5 TeV p-Pb collisions
was formulated based on certain assumptions: (a) hadron
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2production near midrapidity proceeds via two distinct
mechanisms (i.e., the TCM), (b) one mechanism (hard
component) represents MB jets and (c) jet production is
unmodified in p-A collisions relative to isolated p-p col-
lisions. The p-Pb TCM describes spectrum and p¯t data
within their published uncertainties and requires only a
minor modification of the original p-p TCM.
In the present study the p-Pb TCM is extended to
identified-hadron (PID) pt spectra to provide the most-
differential possible test of the TCM and its conclusions
for p-p and p-A collision systems: almost all hadron pro-
duction arises from the two mechanisms represented by
the TCM – longitudinal projectile-nucleon dissociation
(soft) and transverse MB dijet production (hard) – as
manifested in yields, spectra and two-particle correla-
tions. Differential pt spectra for four species of identi-
fied hadrons from seven centrality classes of 5 TeV p-Pb
collisions are analyzed. The TCM description of data is
exhaustive and allows no room for flow interpretations.
This article is arranged as follows: Section II presents
PID pt spectra from 5 TeV p-Pb collisions. Section III
describes a pt spectrum TCM for composite A-B colli-
sions. Section IV derives a TCM for p¯t data and cen-
trality parameters for p-Pb collisions. Section V presents
a TCM for PID pt spectra from 5 TeV p-Pb collisions.
Section VI describes a TCM for PID p¯t data. Section VII
discusses PID spectrum ratios derived from TCM spectra
in Sec. V. Section VIII reviews systematic uncertainties.
Sections IX and X present discussion and summary. Ap-
pendix A describes a TCM for p¯t data from p-p collisions.
II. 5 TeV p-Pb PID SPECTRUM DATA
The identified-hadron spectrum data obtained from
Ref. [2] for the present analysis were produced by the
ALICE collaboration at the LHC. The event sample
for charged hadrons is 12.5 million non-single-diffractive
(NSD) collisions and for neutral hadrons 25 million NSD
collisions. Collision events are divided into seven charge-
multiplicity nch or p-Pb centrality classes. Correspond-
ing estimated centrality parameters from Ref. [2] are
shown in Table I. Hadron species include charged pions
pi±, charged kaons K±, K-zero shorts K0S , protons p, p¯
and Lambdas Λ, Λ¯. Spectra for charged vs neutral kaons
and particles vs antiparticles are reported to be statisti-
cally equivalent.
A. p-Pb PID spectrum data
Figure 1 shows PID spectrum data from Ref. [2]
(points) in a conventional semilog plotting format vs lin-
ear hadron pt. The curves are TCM parametrizations
derived in Sec. V. The spectra for panels (a) and (c-f)
have been scaled by powers of 2 according to 2n−1 where
n ∈ [1, 7] is the centrality class index and n = 7 is most
central. Panel (b) shows pion spectra with no such scal-
ing, the variation due solely to the different p-Pb cen-
trality classes. It is notable that the maximum spectrum
variation corresponds to the most peripheral nch classes
n ∈ [1, 3] where the actual p-Pb centrality varies most
slowly (see Table II). The chosen plot format limits visual
access to differential spectrum features, especially as they
vary with hadron species and p-Pb centrality and espe-
cially at lower pt were most jet fragments appear [12, 18].
Compare with corresponding figures in Sec. V B.
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FIG. 1: pt spectra for identified hadrons from 5 TeV p-Pb [2]:
(a) pions, (b) pions without multiplicative factors, (c) charged
kaons, (d) neutral kaons, (e) protons, (f) Lambdas. Solid
curves represent the PID spectrum TCM from Sec. V. The
dashed curves in (f) repeat the proton solid curves in (e).
The dash-dotted curves in (e) are described just below Fig. 6.
The baryon data in panels (e) and (f) are expected to
correspond closely [compare solid (Lambda) and dashed
(proton) TCM curves in panel (f)]. The differences there
arise from the mass difference (soft component) and the
hard-component centroid difference (see Table III). How-
ever, the proton data in panel (e) fall well below the
proton TCM expectation [solid curves, same as dashed
curves in panel (f)]. To characterize the discrepancy pre-
cisely the proton TCM was modified (dash-dotted curves)
3to include an additional suppression factor that accom-
modates the proton data, as described in Sec. V B.
Reference [2] interprets the spectrum data as fol-
lows: The spectra become “harder as the multiplicity in-
creases,” where “harder” corresponds to decreasing spec-
trum slope (“flattening”) at lower pt and is said to be
similar to that observed in A-A collisions [19, 20]. It
is suggested that commonalities between p-Pb data and
those from Pb-Pb collisions imply the presence of collec-
tive flow in p-Pb collisions: “In heavy-ion [A-A] collisions,
the flattening of transverse momentum distribution and
its mass ordering find their natural explanation in the col-
lective radial expansion of the system [emphasis added].”
Several parametrizations of PID spectra were explored
according to Ref. [2], of which the so-called blast-wave
(BW) model is said to “give the best description of the
data over the full pT range.” The BW model assumes “a
locally-thermalized medium, expanding collectively with
a common velocity field....” It is acknowledged that “the
actual values of the [BW] fit parameters depend substan-
tially on the fit range [on pt].” The chosen fit ranges
“...have been defined according to the available data at
low pt and based on the agreement with the data at high
pt” [emphasis added]. It is concluded from BW fits to
p-Pb spectrum data that results are “consistent with the
presence of radial flow in p-Pb collisions.” It is further
noted that “a larger [inferred] radial velocity in p-Pb [vs
Pb-Pb] collisions has been suggested as a consequence of
stronger radial gradients” [emphasis added].
Reference [2] concludes that p-Pb PID spectra “rep-
resent a crucial set of constraints for the modeling of
proton-lead collisions at the LHC. The transverse mo-
mentum distributions show a clear evolution with mul-
tiplicity, similar to the pattern observed in high-energy
pp and heavy-ion collisions, where in the latter case the
effect is usually attributed to collective radial expansion”
[emphasis added].
B. p-Pb Glauber-model centrality parameters
Table I shows centrality parameters for 5 TeV p-Pb
collisions from Table 2 of Ref. [21] corresponding to the
spectra in Fig. 1. The ρ¯0 = nch/∆η charge densities are
measured quantities inferred from Fig. 16 of that refer-
ence, whereas the centrality parameters are inferred from
a Glauber model Monte Carlo. To interpret the PID pt
spectra from Ref. [2] properly centralities and geometry
parameters should be estimated as accurately as possible.
An alternative TCM analysis of p-Pb centrality reported
in Ref. [15] leads to quite different results (see Sec. IV D).
III. p-Pb SPECTRUM TCM
The TCM for p-p and p-Pb collisions utilized in this
study is the product of phenomenological analysis of
TABLE I: V0A Glauber parameters for 5 TeV p-Pb collisions
are from Table 2 and ρ¯0 = nch/∆η densities are from Fig. 16,
both in Ref. [21]. The event sample is approximately NSD.
centrality (%) b (fm) Npart Nbin nch/∆η
0 - 5 3.12 15.7 14.7 44.6
5 - 10 3.50 14.0 13.0 35.9
10 - 20 3.85 12.7 11.7 30.0
20 - 40 4.54 10.4 9.36 23.0
40 - 60 5.57 7.42 6.42 15.8
60 - 80 6.63 4.81 3.81 9.7
80 - 100 7.51 2.94 1.94 4.2
data from a variety of collision systems and data for-
mats [11, 12, 16, 17]. As such it does not represent
imposition of a priori physical models but does assume
approximate linear superposition of p-N collisions within
p-Pb collisions consistent with no significant jet modifi-
cation. Physical interpretations of TCM soft and hard
components have been derived a posteriori by comparing
inferred TCM characteristics with other relevant mea-
surements [13, 18], in particular measured MB jet char-
acteristics [22, 23]. Development of the TCM contrasts
with data models based on a priori physical assumptions
such as PYTHIA [24] and the BW model [8]. It is no-
table that the TCM does not result from fits to individ-
ual spectra (or other data formats), which would require
many parameter values. The few TCM parameters are
required to have simple log(
√
s) trends on collision en-
ergy and simple extrapolations from p-p trends.
A. Spectrum TCM for unidentified hadrons
The pt or yt spectrum TCM is by definition the sum
of soft and hard components with details inferred from
data (e.g. Ref. [12]). For p-p collisions
ρ¯0(yt;nch) ≈ ρ¯s(nch)Sˆ0(yt) + ρ¯h(nch)Hˆ0(yt), (1)
where nch is an event-class index, and factorization of
the dependences on yt and nch is a central feature of
the spectrum TCM inferred from 200 GeV p-p spectrum
data in Ref. [12]. The motivation for transverse rapid-
ity yti ≡ ln[(pt + mti)/mi] (applied to hadron species i)
is described in Sec. III B. The yt integral of Eq. (1) is
ρ¯0 = nch/∆η = ρ¯s + ρ¯h, a sum of soft and hard charge
densities. Sˆ0(yt) and Hˆ0(yt) are unit-normal model
functions approximately independent of nch, and the
centrally-important relation ρ¯h ≈ αρ¯2s with α ≈ O(0.01)
is inferred from p-p spectrum data [11, 12, 17].
For composite A-B collisions the spectrum TCM is gen-
eralized to
ρ¯0(yt;nch) ≈ Npart
2
ρ¯sNN Sˆ0(yt) +Nbinρ¯hNN Hˆ0(yt),(2)
4which includes a further factorization of charge densi-
ties ρ¯x = nx/∆η into A-B Glauber geometry param-
eters Npart (number of nucleon participants N) and
Nbin (N-N binary collisions) and mean charge densi-
ties ρ¯xNN per N-N pair averaged over all N-N interac-
tions within the A-B system. For A-B collisions ρ¯s =
[Npart(ns)/2]ρ¯sNN (ns) is a factorized soft-component
density and ρ¯h(ns) = Nbin(ns)ρ¯hNN (ns) is a factorized
hard-component density.
Integrating Eq. (2) over yt the mean charge density is
ρ¯0 =
Npart
2
ρ¯sNN (ns) +Nbinρ¯hNN (ns) (3)
ρ¯0
ρ¯s
=
nch
ns
= 1 + x(ns)ν(ns),
where the hard/soft ratio is x(ns) ≡ ρ¯hNN/ρ¯sNN and the
mean number of binary collisions per participant pair is
ν(ns) ≡ 2Nbin/Npart. If the pt acceptance is limited by
a low-pt cutoff
ρ¯′0
ρ¯s
=
n′ch
ns
= ξ + x(ns)ν(ns), (4)
where ξ ≤ 1 is the fraction of Sˆ0(pt) admitted by a low-pt
acceptance cut pt,cut, and primes indicate corresponding
uncorrected (biased) quantities. It is assumed that a typ-
ical pt,cut is below the effective Hˆ0(yt) lower limit.
To obtain details of model functions and other aspects
of the TCM the measured hadron spectra are normalized
by charge-density soft component ρ¯s. Normalized spectra
then have the form
ρ¯0(yt;nch)
ρ¯s
= Sˆ0(yt) + x(ns) ν(ns)Hˆ0(yt), (5)
where ns is the soft component of event-class index nch
integrated within some η acceptance ∆η. For A-B colli-
sions x(ns) is generally inferred from data. For p-p colli-
sions x(ns) ≡ ρ¯h/ρ¯s ≈ αρ¯s is inferred with α ≈ O(0.01)
over a broad range of p-p collision energies [17]. For p-A
collisions x(ns) ≈ αρ¯sNN is assumed by analogy with
p-p collisions, and other p-Pb TCM elements are in turn
defined in terms of x(ns). For unidentified hadrons the
normalization factor in Eq. (5) is
1
ρ¯s
=
1
ρ¯sNNNpart/2
=
1 + x(ns)ν(ns)
ρ¯0(ns)
. (6)
B. Spectrum TCM model functions
Given normalized spectrum data as in Eq. (5) and the
trend x(ns) ∼ ns ∼ nch the spectrum soft component is
defined as the asymptotic limit of normalized data spec-
tra as nch goes to zero. Hard components of data spectra
are then defined as complementary to soft components.
The data soft component for a specific hadron species
i is typically well described by a Le´vy distribution on
mti =
√
p2t +m
2
i . The unit-integral soft-component
model is
Sˆ0i(mti) =
A
[1 + (mti −mi)/nT ]n , (7)
where mti is the transverse mass-energy for hadrons i of
mass mi, n is the Le´vy exponent, T is the slope param-
eter and coefficient A is determined by the unit-integral
condition. Reference parameter values for unidentified
hadrons from 5 TeV p-p collisions reported in Ref. [17]
are (T, n) ≈ (145 MeV, 8.3). Model parameters (T, n)
for each species of identified hadrons as in Table III are
determined from p-Pb spectrum data as described below.
The unit-integral hard-component model is a Gaussian
on ytpi ≡ ln((pt + mtpi)/mpi) (as explained below) with
exponential (on yt) or power-law (on pt) tail for larger yt
Hˆ0(yt) ≈ A exp
{
− (yt − y¯t)
2
2σ2yt
}
near mode y¯t (8)
∝ exp(−qyt) for larger yt – the tail,
where the transition from Gaussian to exponential on yt
is determined by slope matching [18]. The Hˆ0 tail den-
sity on pt varies approximately as power law 1/p
q+2
t . Co-
efficient A is determined by the unit-integral condition.
Model parameters (y¯t, σyt , q) for identified hadrons as in
Table III are also derived from p-Pb spectrum data.
All spectra are plotted vs pion rapidity ytpi with pion
mass assumed. The motivation is comparison of spec-
trum hard components assumed to arise from a com-
mon underlying jet spectrum on pt, in which case ytpi
serves simply as a logarithmic measure of hadron pt with
well-defined zero. Sˆ0(mti) in Eq. (7) is converted to
Sˆ0(ytpi) via the Jacobian factor mtpipt/ytpi, and Hˆ0(yt)
in Eq. (8) is always defined on ytpi as noted. For uniden-
tified hadrons a pion mass is assumed. In general, plot-
ting spectra on a logarithmic rapidity variable permits
superior access to important low-pt structure where the
majority of jet fragments appear. In what follows, hadron
species index i may be suppressed for simplicity.
IV. p-Pb MEAN-pt TCM
Appendix A describes a TCM for p¯t data from p-p
collisions which provides a context for p-Pb p¯t analysis.
With the dominant role of MB jets established for p-p
(p-N, N-N) collisions and elements of the p-p p¯t TCM
introduced the p-Pb p¯t TCM is presented here in more
detail. p-Pb p¯t data can in turn be used to infer p-Pb
centrality parameters with improved accuracy [16].
A. TCM for p-Pb Mean-pt vs nch
Given the TCM for p-A or A-B pt spectra ρ¯0(pt) as
described in the previous section the associated TCM for
5p¯t vs nch data is simply determined [16]. The ensemble-
mean total pt for unidentified hadrons integrated over all
yt and within some angular acceptance ∆η is
P¯t = ∆η
∫ ∞
0
dpt p
2
t ρ¯0(pt) = P¯ts + P¯th (9)
=
Npart
2
nsNN (ns)p¯tsNN +NbinnhNN (ns)p¯thNN ,
where p¯tsNN and p¯thNN are determined by model func-
tions Sˆ0(yt) and Hˆ0(yt). Data indicate that p¯tsNN →
p¯ts ≈ 0.40 GeV/c is a universal quantity (for unidenti-
fied hadrons) corresponding to spectrum slope parameter
T ≈ 145 MeV [17]. A mean-pt expression based on the
TCM (with ns = nsNNNpart/2) has the simple form
P¯t
ns
= p¯ts + x(ns)ν(ns) p¯thNN (ns). (10)
In general, p¯thNN (ns) may depend on the imposed mul-
tiplicity condition n¯ch [17]. However, for this analysis it
is assumed that p¯thNN (ns) → p¯th0 fixed. If the pt in-
tegral in Eq. (9) does not extend down to zero because
of limited pt acceptance (e.g. termination at some pt,cut)
the expression is modified. The corresponding TCM for
uncorrected conventional ratio p¯′t with pt,cut > 0 is
P¯ ′t
n′ch
≡ p¯′t ≈
p¯ts + x(ns)ν(ns) p¯th0
ξ + x(ns) ν(ns)
, (11)
where ξ is the fraction of the pt spectrum soft component
included by acceptance cut pt,cut, and that cut does not
affect the hard component. The lower limit for p¯′t is p¯
′
ts ≡
p¯ts/ξ with ξ ≈ 0.75 for a pt,cut ≈ 0.15 GeV/c [16].
B. Centrality parameter x(ns) model
Formulation of a TCM for p-Pb data requires accurate
determination of centrality parameter Npart = Nbin + 1
which in turn requires an expression for x(ns) from which
other model parameters may be derived. An expression
for x(ns) can be established by generalizing from x(ns) ≈
αρ¯s for p-p collisions. The relation x(ns) ≈ αρ¯sNN (ns)
then defines ρ¯sNN (ns) and Npart(ns)/2 = αρ¯s/x(ns)
from which ν(ns) = 2Nbin(ns)/Npart(ns) follows. Pa-
rameter ns is the independent variable for the model.
In an analysis of p¯t vs nch data from 5 TeV p-Pb col-
lisions a simple algebraic expression for x(ns), as an ex-
trapolation of the p-p αρ¯s trend, is found to describe
p¯t data accurately [16]. For p-Pb data the evolution of
factors x(ns) ν(ns) from strictly p-p–like to alternative
behavior is observed near a transition point ρ¯s0,
1 but
p¯thNN (ns) → p¯th0 is assumed to maintain a fixed p-p
1 The transition arises from competition between two probability
distribution, not between physical mechanisms. See Sec. VIII B.
(p-N) value in the p-A system (i.e. no jet modification
per supporting evidence in Sec. V). The derivation fol-
lows.
Figure 2 (left) shows a model for x(ns) expressed as
x(ns) =
α
{[1/ρ¯s]n1 + [1/f(ns)]n1}1/n1
, (12)
where f(ns) = ρ¯s0 + m0(ρ¯s − ρ¯s0). Below a transition
point at ρ¯s0, x(ns) ≈ αρ¯s as for p-p collisions (dashed
line). Above the transition x(ns) still increases linearly
but with reduced slope controlled by parameter m0 < 1
(dotted line). Exponent n1 controls the transition width.
The horizontal dotted line and vertical hatched band es-
timate values of x(ns) and ρ¯s for NSD p-p collisions.
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FIG. 2: Left: Evolution of TCM hard/soft ratio parameter
x(ns) with mean soft charge density ρ¯s = ns/∆η following
a linear p-N (p-p) trend (dashed) for lower multiplicities and
a trend with ten-fold reduced slope for higher multiplicities
(dotted) to describe p-Pb p¯t data. Right: Mean participant
path length ν ≡ 2Nbin/Npart vs ρ¯s (solid) as determined by
the x(ns) trend in the left panel (see text). A ν trend for
Pb-Pb collisions (dash-dotted) is included for comparison.
Figure 2 (right) shows ν ≡ 2Nbin/Npart for p-Pb data
(solid curve) based on Npart(ns)/2 = αρ¯s/x(ns) and
Nbin = Npart − 1 with x(ns) as described in the left
panel (solid curve). The dash-dotted curve indicates the
ν ≈ (Npart/2)1/3 trend for Pb-Pb collisions for com-
parison, consistent with the eikonal approximation as-
sumed for the A-A Glauber model. For Pb-Pb collisions
ν ∈ [1, 6] whereas for p-Pb ν ∈ [1, 2]. The resulting p¯t
TCM is compared with p-Pb p¯t data in Fig. 3.
C. p¯t TCM for p-Pb collisions vs data
Figure 3 (left) shows uncorrected p¯′t data for 106 mil-
lion 5 TeV p-Pb collisions vs corrected nch (points) from
Ref. [25]. The dashed curve is the TCM for 5 TeV p-p
collisions given by Eq. (A3) with α = 0.0113, p¯ts ≈ 0.4
GeV/c, p¯th0 = 1.3 GeV/c and ξ = 0.73 [16]. The solid
curve through points is the TCM described by Eqs. (11)
and (12) with parameters α = 0.0113 and p¯th0 = 1.3
GeV/c held fixed as for 5 TeV p-p collisions (assuming
no jet modification). Parameters ρ¯s0 ≈ 3ρ¯sNSD ≈ 15 and
6m0 ≈ 0.10 are adjusted to accommodate the p-Pb data.
Exponent n1 = 5 affects the TCM only near ρ¯s0. Solid
dots and dash-dotted curve represent a p¯t trend implied
by a Glauber analysis of p-Pb centrality [21], with Npart
and Nbin taken from Table I and with x = 0.06, p¯ts = 0.4
GeV/c and p¯th0 = 1.3 GeV/c fixed at their NSD values.
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FIG. 3: Left: Uncorrected ensemble-mean p¯t data from 5
TeV p-Pb collisions (open squares) vs corrected charge density
ρ¯0 = nch/∆η from Ref. [25]. Solid and dashed curves are
TCM data descriptions from Ref. [16]. Solid dots are derived
from a Glauber analysis [21]. Right: Curves and data in the
left panel transformed by factor ρ¯′0/ρ¯s = n
′
ch/ns from Eq. (4).
Figure 3 (right) shows data in the left panel converted
to (n′ch/ns) p¯
′
t ≈ P¯t/ns by factor ξ + x(ns)ν(ns) as in
Eq. (4). The dashed line is the TCM for 5 TeV p-p col-
lisions defined by Eq. (A4). The solid curve is the p-Pb
TCM defined by Eq. (10) corresponding also to the solid
curve in the left panel. Transforming data from left to
right panels requires an estimate of ns for the p¯
′
t data to
evaluate the required conversion factor ξ + x(ns)ν(ns).
The map ns → nch for the TCM from Eq. (3) (second
line) is inverted via linear interpolation to provide the
map nch → ns for data. Figure 3 demonstrates via p¯t
data that the p-Pb TCM for unidentified-hadron pt spec-
tra and their centrality evolution is quite accurate.
D. p-Pb geometry inferred from non-PID data
With the TCM relations derived in the previous sub-
section it is possible to associate with any measured p-Pb
charge density ρ¯0 = nch/∆η a complete set of TCM spec-
trum and geometry parameters. For each value of ρ¯0 the
corresponding ρ¯s or ns is obtained by inverting Eq. (3)
(second line). x(ns) is obtained from Eq. (12) with pa-
rameters Npart(ns) and ν(ns) as described below Fig. 2.
Table II presents geometry parameters for 5 TeV
p-Pb collisions inferred from a Glauber-model analysis in
Ref. [21] (primed values) compared to TCM values from
the analysis as in Ref. [15] and as described above (un-
primed values). The large differences between Glauber
and TCM values are explained in Ref. [15]. The primed
quantities (also see Table I) based on a Glauber Monte
Carlo study result from assumptions inconsistent with p¯t
data. Large differences in fractional cross section σ/σ0
and binary-collision number Nbin are especially notable.
Charge densities ρ¯0 are derived directly from data and
correctly characterize the seven centrality classes, but the
centralities reported in Ref. [21] may be questioned.
TABLE II: Nominal (primed [21]) and TCM (unprimed [15])
fractional cross sections and Glauber parameters, midrapid-
ity charge density ρ¯0, N-N soft component ρ¯sNN and TCM
hard/soft ratio x(ns) used for 5 TeV p-Pb PID spectrum data.
σ′/σ0 σ/σ0 N ′bin Nbin ν
′ ν ρ¯0 ρ¯sNN x(ns)
0.025 0.15 14.7 3.20 1.87 1.52 44.6 16.6 0.188
0.075 0.24 13.0 2.59 1.86 1.43 35.9 15.9 0.180
0.15 0.37 11.7 2.16 1.84 1.37 30.0 15.2 0.172
0.30 0.58 9.4 1.70 1.80 1.26 23.0 14.1 0.159
0.50 0.80 6.42 1.31 1.73 1.13 15.8 12.1 0.137
0.70 0.95 3.81 1.07 1.58 1.03 9.7 8.7 0.098
0.90 0.99 1.94 1.00 1.32 1.00 4.4 4.2 0.047
Note that aside from the experimentally-determined ρ¯0
values all TCM (unprimed) parameters in Table II are
determined by three numbers: α, ρ¯s0 and m0. α is de-
fined for all p-p collision energies by Eq. (15) of Ref. [17]
based on measured jet properties and is not adjusted for
individual collision systems or hadron species. ρ¯s0 and
m0 are inferred by comparing p-p and p-Pb p¯t data as in
Sec. IV B. That parameter combination represents a tran-
sition from individual peripheral p-N collisions at lower
nch with Npart = 2 to increase of Npart above 2 for higher
multiplicities, which in turn depends on the relation be-
tween the p-p probability distribution on nch and the
p-Pb cross-section distribution on Npart (Sec. VIII B).
The TCM (unprimed) geometry parameters in Ta-
ble II, derived from p-Pb pt spectrum and p¯t data for
unidentified hadrons, are assumed to be valid for each
identified-hadron species and are used unchanged to pro-
cess PID spectrum data below. However, certain addi-
tions to the spectrum TCM of Sec. (III A) are required
to accommodate PID data as described next.
V. p-Pb PID SPECTRUM TCM
PID spectrum data from Sec. II are analyzed to develop
a TCM for each hadron species. Spectrum hard compo-
nents for the individual hadron species are isolated and
compared to e+-e− fragmentation functions for identified
hadrons to support inference of jet-related origins.
A. Spectrum TCM for identified hadrons
To establish a TCM for p-Pb identified-hadron (PID)
pt spectra it is assumed that (a) N-N parameters α, ρ¯sNN
and ρ¯hNN have been inferred from unidentified-hadron
data and (b) geometry parameters Npart(ns), Nbin(ns)
are a common property (i.e. centrality) of p-Pb collisions
7independent of detected hadron species. The required
TCM parameters inferred from previous ensemble-mean
p¯t data analysis of the same centrality classes for 5 TeV
p-Pb collisions [16] are presented in Table II.
Given the p-Pb spectrum TCM for unidentified-hadron
spectra in Eq. (2) a corresponding TCM for identified
hadrons can be generated by assuming that each hadron
species i comprises certain fractions of soft and hard
TCM components denoted by zsi and zhi (both ≤ 1).
The PID spectrum TCM can then be written as
ρ¯0i(yt) ≈ Npart
2
zsiρ¯sNN Sˆ0i(yt) +Nbinzhiρ¯hNN Hˆ0i(yt)
ρ¯0i(yt)
ρ¯si
= Sˆ0i(yt) + (zhi/zsi)x(ns)ν(ns)Hˆ0i(yt), (13)
where unit-integral model functions Sˆ0i(yt) and Hˆ0i(yt)
may depend on hadron species i. For identified hadrons
of species i the normalization factor 1/ρ¯si in the second
line follows the form of Eq. (6) but can be re-expressed
in terms of 1/ρ¯s for unidentified hadrons already inferred
1
ρ¯si
=
1 + (zhi/zsi)x(ns)ν(ns)
ρ¯0i ≡ z0iρ¯0 (14)
≈
{
1 + (zhi/zsi)x(ns)ν(ns)
1 + x(ns)ν(ns)
}
1
z0i
· 1
ρ¯s
.
For each hadron species i ratio zhi/zsi is first adjusted
to achieve coincidence of all seven normalized spectra as
yt → 0. Parameter z0i is then adjusted to match those
rescaled spectra to unit-normal Sˆ0i(yt), also as yt → 0.
Unit-normal model functions Sˆ0i(yt) and Hˆ0i(yt) must
be determined for each hadron species; however a close
relation to unidentified-hadron models is expected. As
noted in Sec. III B Sˆ0i(yt) is first defined on proper mti
for a given hadron species i and then transformed to ytpi.
Hˆ0i(yt) is defined on ytpi in all cases.
B. p-Pb differential PID spectrum data
In the figures below, PID pt spectra from Sec. II are
replotted in left panels in the normalized form of Eq. (13)
(second line) and compared to TCM soft components
Sˆ0i(yt) (bold dotted curves). For each hadron species
published spectra are plotted on ytpi as a logarithmic rep-
resentation of pt with well-defined zero since the under-
lying jet (parton) pt spectrum determines the spectrum
hard component [18]. Data spectra on pt are transformed
to densities on ytpi via Jacobian factor mtpipt/ytpi where
m2tpi = p
2
t + m
2
pi and ytpi = ln[(mtpi + pt)/mpi]. The plot
boundaries for full spectra (left) and for spectrum hard
components (right) are maintained consistent among the
several hadron species to facilitate comparisons. The ex-
ception is for kaon data where the left panels are extended
down to zero to accommodate the K0S data.
Figure 4 (left) shows identified-pion spectra from Fig. 1
(a). The published spectra have been multiplied by 2pi to
be consistent with the η densities used in this study. The
spectra are then normalized by soft-component density
ρ¯si as defined in Eq. (14) with TCM parameter values re-
ported in Tables II and III. The normalized spectra X(yt)
can then be compared with spectrum soft-component
model Sˆ0(ytpi) shown as the bold dotted curve: a Le´vy
distribution defined on mtpi with parameters T = 145
MeV and n = 8.5 transformed to ytpi that also describes
unidentified hadrons from 5 TeV p-p collisions as reported
in Ref. [17]. The solid line labeled BW marks the pt (ytpi)
interval over which a BW model fit was imposed as re-
ported in Ref. [2].
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FIG. 4: Left: Identified-pion spectra for 5 TeV p-Pb colli-
sions from Ref. [2] transformed to yt with Jacobian mtpt/yt
and normalized by TCM quantities in Table II (7 thinner
curves of several styles). Sˆ0(yt) (bold dotted) is the soft-
component model. Right: Difference X(yt)− Sˆ0(yt) normal-
ized by x(ns)ν(ns) ≈ αρ¯sNNν(ns) using TCM values from Ta-
ble II reported in Ref. [16] (thinner curves). The bold dashed
curve is hard-component model Hˆ0(yt) with exponential tail.
Figure 4 (right) shows difference X(yt) − Sˆ0(yt) nor-
malized by (zhi/zsi)x(ns)x(ns)ν(ns) using TCM values
as reported in Tables II and III. The result should be di-
rectly comparable to the p-p spectrum hard-component
model in the form Hˆ0(yt) per Eq. (13). The bold dashed
curve is Hˆ0(yt) with model parameters (y¯t, σyt , q) for pi-
ons as in Table III. Any deviations from Hˆ0(yt) in the
right panels are the “fit” residuals for the model, but the
model is highly constrained with only a few adjustable
parameters. There is substantial uncertainty in the data
hard component for the first nch class, so those data are
omitted to improve access to the other centrality classes.
Figure 5 shows charged-kaon K+ + K− and neutral
K0s spectra from Fig. 1 (c) and (d) processed in the same
manner as for charged pions. The K0S and K
± spectra
are consistent within data uncertainties as reported in
Ref. [2]. The TCM model functions are therefore con-
strained to be the same for all kaons. Whereas the K±
data are quite limited the K0S data subtend the spectac-
ular interval pt ∈ [0, 7] GeV/c. K0S data below ytpi ≈ 1.2
(≈ 0.2 GeV/c) demonstrate that only a fixed soft compo-
nent independent of p-Pb centrality contributes in that
interval, and a Le´vy distribution on mtK describes the
data well. Actual data points (open circles) for the low-
est and highest n¯ch classes are shown. A usable estimate
8for Hˆ0(yt) obtained down to yt = 1.2 (pt ≈ 0.2 GeV/c)
confirms that the TCM hard component drops off sharply
below its mode. These PID data strongly support a MB
jet-spectrum lower bound near 3 GeV [18].
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FIG. 5: Identified-kaon spectra for 5 TeV p-Pb collisions
from Ref. [2]: (a), (b) charged kaons K±; (c), (d) neutral
kaons K0S . The panel descriptions are otherwise as for pions.
In panel (c) individual data points (open circles) are provided
for the most-peripheral and most-central event classes.
Figure 6 shows proton p+ p¯ and Lambda Λ+Λ¯ spectra
from Fig. 1 (e) and (f) processed in the same manner as
for charged pions. Given the complementary pt coverage
of the two species the proton data were used to determine
Sˆ0(yt) at lower yt and the Lambda data were used to
determine Hˆ0(yt) at higher yt.
The Lambda data are well described out to 7 GeV/c
but, as noted in Sec. II regarding Fig. 1 (e), the pro-
ton hard components in panel (b) appear to be strongly
biased relative to the expected Hˆ0(yt). Proton soft com-
ponents appear consistent with the TCM prediction [re-
fer to data in Fig. 1 (e) compared to the TCM solid
curves]. In order to accommodate the proton hard com-
ponents Hˆ0(yt) is multiplied by function 1−a exp{−[(yt−
y¯t)/σyt,corr ]
2/2} with y¯t = 2.92, σyt,corr = 0.85 and
a = 0.40 which suppresses the hard component over a
limited yt interval. The result is the dotted curves in (b)
corresponding to dash-dotted curves in Fig. 1 (e).
In each of the right panels of Fig. 6 hard-component
model Hˆ0(yt) appears as multiple curves (dotted)
that accommodate systematic shifts of hard-component
modes to higher yt with increasing nch or p-Pb centrality.
The shift is clearly apparent for baryons but no shift was
required for meson data in this study. Hard-component
model H¯0(yt) is modified by y¯t → y¯t + δn where for
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FIG. 6: (a), (b) Identified-proton p + p¯ spectra for 5 TeV
p-Pb collisions from Ref. [2]; (c), (d) identified Lambda Λ+Λ¯
spectra. The panel descriptions are otherwise as for pions. In
(b) and (d) the dotted curves follow shifts on yt of the hard
components with increasing nch or centrality. The dashed
curves are defined by values in Table III. In (b) the dotted
curves are suppressed relative to the nominal Hˆ0(yt) model
(dashed) to accommodate the proton data (see text).
n ∈ [1, 7] δn = (n − 4)δ0 with δ0 = 0.03 for protons
and 0.015 for Lambdas. Consequences for PID spectrum
ratios are discussed in Sec. VII.
In contrast to BW fits to the same PID spectrum data
as described in Ref. [2] the TCM spectrum descriptions
above do not rely on selecting some limited pt or yt range
based on agreement with data (see intervals labeled BW
in Figs. 4, 5 and 6) as discussed in Sec. VIII E. The TCM
system is accurate, exhaustive and predictive.
C. p-Pb TCM PID spectrum parameters
Table III shows TCM model parameters for hard com-
ponent Hˆ0(yt) (first three) and soft component Sˆ0(yt)
(last two). Hard-component model parameters vary
slowly but significantly with hadron species. Centroids
y¯t shift to larger yt with increasing hadron mass. Widths
σyt are substantially larger for mesons than for baryons.
Only K0s and Λ data extend to sufficiently high pt to
determine exponent q which is substantially larger for
baryons than for mesons. The combined centroid, width
and exponent trends result in near coincidence among
the several models for larger yt. Hard components from
multiple hadron species all point to a common underlying
parton spectrum as demonstrated in Fig. 7.
9TABLE III: TCM model parameters for unidentified hadrons
h from Ref. [17] and for identified hadrons from 5 TeV
p-Pb collisions from this study: hard-component parameters
(y¯t, σyt , q) and soft-component parameters (T, n). Numbers
without uncertainties are adopted from a comparable hadron
species with greater accuracy.
y¯t σyt q T (MeV) n
h 2.64± 0.03 0.57± 0.03 3.9± 0.2 145± 3 8.3± 0.3
pi± 2.52± 0.03 0.56± 0.03 4.0± 1 145± 3 8.5± 0.5
K± 2.65 0.58 4.0 200 14
K0s 2.65± 0.03 0.58± 0.02 4.0± 0.2 200± 5 14± 2
p 2.92± 0.02 0.47 4.8 210± 10 14± 4
Λ 2.96± 0.02 0.47± 0.03 4.8± 0.5 210 14
Soft-component model parameter T ≈ 145 MeV for pi-
ons is consistent with that for unidentified hadrons found
to be universal over all A-B collision systems and colli-
sion energies [17]. The values for higher-mass hadrons
are substantially larger. Le´vy exponent n ≈ 8.5 for pi-
ons is also consistent with that for unidentified hadrons
at 5 TeV and has a log(
√
s/10 GeV) energy depen-
dence [17]. Soft-component exponent n values for more-
massive hadrons are not well-defined because the hard-
component contribution is much larger than for pions.
Varying n then has little impact on the overall spectra.
Figure 7 (left) shows hard-component model functions
Hˆ0(ytpi) for four hadron species (pions, kaons, protons,
Lambdas). The TCM spectrum hard component has pre-
viously been interpreted as a fragment distribution aris-
ing from MB dijets [18]. These similar model shapes fur-
ther support that interpretation. With increasing hadron
mass the lower-pt tails and distribution modes move to
the right, but the models for protons and Lambdas drop
faster on the higher-pt side so the high-pt intercepts co-
incide, consistent with a common underlying parton pt
spectrum having a lower bound near 3 GeV
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FIG. 7: Left: Hard-component models Hˆ0(yt) from Figs. 4,
5 and 6. Models for charged and neutral kaons are assumed
identical consistent with spectrum data. Right: e+-e− frag-
mentation functions for identified pions, kaons and protons
from unidentified partons (mainly light quarks) from Ref. [23].
Figure 7 (right) shows identified-hadron fragmentation
functions (FFs) from unidentified partons [Fig. 7 (left) of
Ref. [23]]. A shift to lower fragment momenta for pions
is expected based on those data. The main trend – pion
FFs are softer than kaon FFs are softer than proton FFs –
is consistent with the left panel. Two conclusions emerge
from PID pt spectra: (a) For all p-Pb centralities there
is no apparent jet modification, no “jet quenching.” (b)
The MB jet contribution dominates baryon production,
which is far greater than expected from the statistical
model leading to large values for baryon zh/zs.
Table IV shows PID parameters z0 and zh/zs for five
hadron species which are determined from spectrum data
as fixed values independent of centrality. The choice
to hold z0 and zh/zs fixed rather than zs and zh sep-
arately arises from PID spectrum data structure as fol-
lows: Given the TCM expression in Eq. (13) the correct
normalization 1/ρ¯si should result in data spectra coin-
cident with Sˆ0(yt) as yt → 0 for all centralities. That
condition is not achieved by fixing zsi. Empirically, the
required TCM condition is met by holding zhi/zsi and
z0i fixed as described in the previous subsection.
TABLE IV: TCM model parameters for identified hadrons
from 5 TeV p-Pb collisions. Numbers without uncertainties
are adopted from a comparable hadron species with greater
accuracy. Parameters p¯ts and p¯th0 are determined by model
functions Sˆ0(yt) and Hˆ0(yt) with parameters from Table III.
h represents results for unidentified hadrons.
z0 zh/zs p¯ts (GeV/c) p¯th0 (GeV/c)
h ≡ 1 ≡ 1 0.40± 0.02 1.30± 0.03
pi± 0.70± 0.02 0.8± 0.05 0.40± 0.02 1.15± 0.03
K± 0.125± 0.01 2.8± 0.2 0.60 1.34
K0s 0.062± 0.005 3.2± 0.2 0.60± 0.02 1.34± 0.03
p 0.07± 0.005 7.0± 1 0.73± 0.02 1.57± 0.03
Λ 0.037± 0.005 7.0 0.76± 0.02 1.65± 0.03
Separate fractions zs and zh may be derived from fixed
model parameters zh/zs and z0 via the relation
zs =
1 + x(ns)ν(ns)
1 + (zh/zs)x(ns)ν(ns)
z0, (15)
and since z0 and zh/zs are held fixed zs and zh must
then be centrality dependent per x(ns)ν(ns). As a conse-
quence, for hadron species 1 and 2 (with 2 more massive)
zx2
zx1
∝ 1 + (zh1/zs1)x(xs)ν(ns)
1 + (zh2/zs2)x(xs)ν(ns)
, (16)
where x = s or h. For increasing p-Pb centrality those ra-
tios must then decrease according to parameter values in
Table IV. If TCM model functions are held fixed indepen-
dent of p-Pb nch or centrality then according to Eq. (13)
(first line) the spectrum ratio of two hadron species must
decrease with increasing centrality. If that trend is not
observed the assumption of fixed model functions should
be questioned, as discussed in Sec. VII.
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VI. p-Pb PID ENSEMBLE-MEAN p¯t
The TCM for PID spectra in the previous section may
be tested by comparison with measured PID p¯t values.
A TCM for ensemble-mean p¯t for unidentified hadrons
is described in Sec. IV. In this section the p¯t TCM is
generalized to describe identified hadrons. Just as for
PID spectra it is assumed that all hadron species share
common p-Pb geometry parameters x(ns) and ν(ns).
The ensemble-mean total pt for identified hadrons of
species i integrated over some angular acceptance ∆η is
P¯ti = ∆η
∫ ∞
0
dpt p
2
t ρ¯0i(pt) = P¯tsi + P¯thi (17)
=
Npart
2
zsinsNN p¯tsNNi +NbinzhinhNN p¯th0i.
As for unidentified hadrons it is assumed that p¯tsNNi →
p¯tsi is a universal quantity for each hadron species. An
ensemble-mean p¯t expression based on the TCM (with
nsi = zsinsNNNpart/2) then has the simple form
P¯ti
nsi
= p¯tsi + (zhi/zsi)x(ns)ν(ns) p¯th0i. (18)
The corresponding TCM for conventional ratio p¯ti is
P¯ti
n¯chi
= p¯ti ≈ p¯tsi + (zhi/zsi)x(ns)ν(ns) p¯th0i
1 + (zhi/zsi)x(ns) ν(ns)
, (19)
assuming that the pt integral extends down to pt = 0 (by
TCM extrapolation of ρ¯0i data). The lower limit for p¯ti is
then p¯tsi. If the pt acceptance has lower bound pt,cut > 0
then 1→ ξi above similar to Eq. (11).
Based on results in the previous section ratio zhi/zsi
for each hadron species is held fixed independent of cen-
trality or nch using values from Table IV. That table
also includes values for p¯tsi and p¯th0i derived from model
functions Sˆ0i(yt) and Hˆ0i(yt) respectively as defined by
parameters in Table III. The centrality parameters, in-
dependent of hadron species, are taken from Table II.
Figure 8 shows p¯t vs nch data from Ref. [2] (solid
points) compared to the TCM described by Eq. (19)
(solid curves). The dash-dotted curve for protons is
Eq. (19) with x(ns) reduced by factor 0.6 to represent the
bias effect in Fig. 6 (b). Both versions assume fixed TCM
model functions. The open circles are p¯t data for uniden-
tified hadrons from Ref. [25] with corresponding TCM
from Ref. [16] (dashed). The dotted curve represents
a MC trend derived from Ref. [25] (Fig. 3). The open
squares represent a prediction in Ref. [16] for unidentified
hadrons based on the Glauber p-Pb centrality analysis
from Ref. [21]. All data and curves are corrected to full
pt acceptance. The same zh/zs = 3.0 value is used for
both kaon species. Reported data uncertainties (bars)
are dominated by spectrum extrapolations to pt = 0.
Point-to-point uncertainties are much less. Deviations of
proton and Lambda data relative to corresponding TCM
curves vary smoothly from lesser to greater, consistent
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FIG. 8: Corrected p¯t vs nch data from Ref. [2] (solid points)
with TCM described by Eq. (19) (solid curves). K0S data (in-
verted triangles) are displaced slightly to the right of the K±
data. The proton solid curve is an expectation from TCM
systematics. The dash-dotted curve represents apparent sup-
pression of the proton hard component (see text). The open
circles are unidentified-hadron data from Ref. [25] with corre-
sponding TCM (dashed) from Ref. [16]. p¯t values implied by
a Glauber-model analysis in Ref. [21] are represented by open
squares. The dotted curve MC is derived from Ref. [25]. The
hatched bands indicate p¯ts values from Table IV.
with shifts on yt of data and model (dotted) hard com-
ponents in Fig. 6 (b) and (d).
Several conclusions can be drawn from the results in
Fig. 8: (a) The strong increase in p¯t values with nch
corresponds to the quadratic relation between soft and
hard TCM components in p-p or N-N collisions ρ¯hNN ≈
αρ¯2sNN which in turn follows the quadratic trend for p-p
dijet production as described in Ref. [22]. (b) The strong
increase in p¯t values with hadron mass correspond to
the properties of parton fragmentation to jets (i.e. fol-
lows the spectrum hard component associated with jets).
(c) Whereas PID p¯t data from Ref. [2] (12.5 or 25 mil-
lion events) extend only to ρ¯0 = nch/∆η ≈ 45 (0-5%
central p-Pb collisions reported in Ref. [21]) the p-Pb p¯t
data for unidentified hadrons extend to ρ¯0 ≈ 116 accord-
ing to Ref. [25] from the same collaboration (106 million
events). (d) p¯t evolution implied by the Glauber-model
analysis of Ref. [21] (open boxes) or Monte Carlos based
on a Glauber model of p-p collisions (dotted curve, e.g.
PYTHIA) deviate strongly from the p-Pb data.
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VII. p-Pb PID SPECTRUM RATIOS
Figure 9 shows spectrum ratios for (a) 2K0S/(pi
++pi−),
(b)Λ/K0S and (c) (p+ p¯)/(pi
+ +pi−) for two p-Pb central-
ities, 0-5% and 60-80% (as inferred from the Glauber
analysis of Ref. [21]). Panel (d) is discussed below. The
solid curves are derived from TCM solid curves in Fig. 1
that describe spectrum data well (except for protons).
The dash-dotted curves for protons in panel (c) are de-
termined using the biased dash-dotted curves in Fig. 1
(e). The dashed curves are derived from the TCM with
hard components omitted. Those three panels can be
compared with data in Fig. 2 (left panels) of Ref. [2]. The
agreement between TCM and data (referring also to pro-
ton data vs dash-dotted curves) is generally good with no
TCM parameter adjustment. However, baryon data de-
scription does require relaxing the assumption that TCM
model function Hˆ0(yt) is independent of nch or centrality.
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FIG. 9: Spectrum ratios for three combinations of identified
hadrons from 5 TeV p-Pb collisions as derived from the cor-
responding TCMs. Dashed curves represent soft components
only. Other curves represent soft + hard. In panels (c) and
(d) the solid curves correspond to expected proton spectra
and the dash-dotted curves represent suppression of the hard
component to accommodate spectrum data from Ref. [2]. In
panel (d) the TCM hard-component position is fixed whereas
in panel (c) the proton hard component shifts to greater yt
with increasing centrality following data as shown in Fig. 6
(b). There is no corresponding shift for pions or kaons.
In Sec. V C the nominal TCM prediction for spectrum
ratios is uniform (on pt) decrease with increasing p-Pb
centrality assuming TCM model functions independent
of centrality, as illustrated in Fig. 9 (d) where the ra-
tios are generated with no hard-component shift. The
hatched band in panel (d) is an estimate of ratio reduc-
tion determined by Eq. (16), where the ratio value 0.66 is
derived from Table values 0.8 and 7 for zh/zs and values
for parameters x and ν of 0.19 and 1.52 for 0-5% and 0.10
and 1.03 for 60-80%. The upper solid curve is the ratio
of lower solid curves and is consistent with that estimate.
However, variation of baryon/meson data ratios with
increasing centrality in panels (b) and (c) changes from
decreasing to increasing with increasing pt, as noted in
the top panel of Fig. 3 in Ref. [2]. Differential analysis
of spectrum data as in Sec. V B provides deeper insight
into PID spectrum evolution with p-Pb centrality.
Spectrum-ratio centrality trends actually result from
two effects working in opposition: (a) common reduction
of fractions zs and zh with increasing centrality as above
and (b) the effect of baryon hard components shifting to
higher pt. Spectrum ratios tend to decrease uniformly
on pt with increasing nch or centrality because of the
trend for decreasing fractions zs and zh, assuming model
functions (and their data equivalents) do not vary with
centrality. The zs and zh trends are determined by spec-
trum data below 0.5 GeV/c where the hard-component
contribution is negligible. The nearly-uniform (on pt)
decrease is illustrated in Fig. 9 (d).
In Fig. 6 (b) and (d) spectrum hard components for
protons and Lambdas shift significantly to higher yt with
increasing nch, and the TCM equivalents are shifted to
accommodate the data. The difference between panels
(c) and (d) in Fig. 9 is consistent with the spectrum hard
component for protons shifting to substantially higher yt
with increasing nch while no significant shift for pions is
observe in Fig. 4 (or for kaons in Fig. 5). The effects
of such shifts for unidentified hadrons were observed al-
ready for p-p collisions in Refs. [16, 17]. The contrast of
effects in the lower panels of Fig. 9 should be larger for
p-p collisions where all of the nch variation contributes
to quadratic increase of dijet production, with resulting
substantial bias of p¯t trends as demonstrated in Ref. [16].
Reference [2] interprets ratio data in the context of
Pb-Pb spectrum ratios (right panels in Fig. 2 of Ref. [2])
as follows: Again arguing by analogy there is “significant
enhancement [of spectrum ratios] at intermediate pT ∼ 3
GeV/c, qualitatively reminiscent of that measured in
Pb-Pb collisions. The latter [ratio trends, i.e. “baryon
/ meson puzzle”] are generally discussed in terms of col-
lective flow or quark recombination.” But a different in-
terpretation is indicated by TCM analysis of ratio data.
As demonstrated especially for proton/pion data in
panel (c) (solid vs dashed curves) the peak structure
near 3 GeV/c is dominated by spectrum hard com-
ponents definitively associated with MB jet produc-
tion [10, 11, 13, 18]. In p-Pb collisions the spectrum-
ratio centrality trend [e.g. panel (c) solid or dash-dotted
curves] results from a baryon hard component shifting to
higher pt while a meson hard component exhibits negligi-
ble shift. In contrast, for Pb-Pb collisions the dominant
variation with centrality is the meson (e.g. pion) hard
component shifting to lower pt while the baryon (e.g. pro-
ton) hard component shifts only slightly to higher pt
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as demonstrated in Ref. [13]. These TCM results then
demonstrate that evolution of spectrum ratios as in Fig. 9
is dominated in any A+B collision system by MB jet pro-
duction, differently for different hadron species.
VIII. SYSTEMATIC UNCERTAINTIES
Uncertainties for p-Pb collision-geometry determina-
tion, TCM spectrum model functions and accuracy of
spectrum models for identified-hadron data are discussed
in the context of the TCM as a lossless data-compression
strategy with a small number of degrees of freedom.
A. TCM degrees of freedom
In contrast to a typical MC model with tens of pa-
rameters readjusted (tuned) to each individual collision
system the TCM includes only a few parameters applied
self-consistently to a broad array of collision systems with
little or no individual adjustment. The TCM can be seen
as a form of data compression: a large number of colli-
sion systems and data formats is represented by a small
number of tightly-constrained parameters. The result is
a simple global data model with predictive power.
For p-p spectra the parameters are hard/soft ratio α
and yt model parameters (T, n; y¯t, σyt , q). The energy
and nch systematics of yt model parameters are described
in Ref. [17] covering a span from 17 GeV to 13 TeV. For
unidentified hadrons T ≈ 145 MeV is universal, y¯t and
σyt variations are small or negligible and n and q vary
as log(
√
s) as expected for QCD processes. The energy
dependence of α depends on measured jet properties and
is also described in Ref. [17]. For p-Pb collisions addi-
tional model parameters ρ¯s0 (p-N–p-Pb transition point)
and m0 [x(ns) slope reduction factor] are introduced to
accommodate p¯t data [16]. For p-p and p-A collisions jet
formation is assumed to be unmodified: The spectrum
hard component is then approximately invariant on nch
in agreement with data. Spectrum and p¯t data are typi-
cally described within point-to-point uncertainties.
Within a composite TCM, A-B centrality is factorized
from N-N (p-p) densities which are factorized from pt or
yt dependence leading to a simple model with largely-
independent degrees of freedom that can be evaluated
accurately. In contrast, within a one-component model
such as a QGP/flow model (all soft) or PYTHIA (all
hard) multiple physical mechanisms may not be properly
distinguished leading to complexity, misinterpretations
and substantially increased parameter uncertainties.
For the present identified-hadron study two additional
parameters are introduced, density fractions zs and zh as
the combinations zh/zs and z0, and the TCM yt model
parameters are determined individually for each hadron
species. However, the combinations zh/zs and z0 are con-
strained to be independent of centrality and yt, and cen-
trality parameters are maintained independent of hadron
species, thereby maintaining factorization of the TCM.
B. p-Pb geometry estimation
As noted in Sec. IV D accurate centrality determina-
tion is essential to establish a TCM for any A-B collision
system. Entries in Table II reveal major discrepancies be-
tween Glauber (primed) and TCM (unprimed) centrality
parameters suggesting large uncertainties in p-Pb geom-
etry estimation. However, available evidence indicates
that the TCM version is quite accurate as argued here.
The TCM for 7 TeV p-p collisions provides a self-
consistent description of yields, spectra and two-particle
correlations over an nch range corresponding to 100-fold
increase in dijet production for ρ¯0 increasing to more than
ten times its NSD value 6 [11, 12]. Quantitative relations
among jets, 2D angular correlations and spectrum hard
components have been established. A central element of
the TCM is the quadratic relation ρ¯h ≈ αρ¯2s between jet
production per ρ¯h and low-x participant gluons per ρ¯s.
Figure 3 (left) demonstrates close agreement between
the TCM description for p-Pb collisions (solid curve) and
p¯t data (open squares). As noted above, the p-Pb p¯t
trend coincides with that for p-p collisions (dashed) up to
ρ¯0 ≈ 20 or four times the 5 TeV NSD value, implying that
p-Pb collisions within that interval are nearly equivalent
to single peripheral p-N collisions (with increasing nch)
or that Nbin ≈ 1. In contrast, the Glauber trend for N ′bin
in Table II increases in the same interval to greater than
6 and coincides with an implicit assumption that all p-N
collisions retain the same mean nch and other properties.
If that were literally true the result would be the solid
points in the left panel deviating greatly from p-Pb data,
with the restriction ρ¯0 < 50 for 0-5% central collisions.
The TCM for charge densities from A-B systems is
2
Npart
ρ¯0 = ρ¯sNN (ns) + ν(ns)ρ¯hNN (ns), (20)
and in relation to the Glauber analysis of Ref. [21] three
cases can be considered: (a) Npart ∝ ρ¯0 per Ref. [21], (b)
ρ¯sNN and ρ¯hNN remain fixed but ν varies, and (c) the
full TCM with all components is inferred from p¯t data.
Figure 10 (left) shows Glauber parameter Npart/2 for
5 TeV p-Pb collisions from Ref. [21] (solid dots, primed
values in Table II) and corrected Glauber values from
Ref. [15] (open circles). The dashed curve is Npart/2 =
ρ¯0/4.5 (the NSD value for ρ¯0 is 5.0). The solid curve
is the full TCM described in Sec. IV. The short hatched
bands indicate limits on two models based on the Glauber
MC simulation (near ρ¯0 = 50) and on p¯t data (near 120).
Figure 10 (right) shows ρ¯0NN ≡ (2/Npart)ρ¯0 (vs ρ¯0)
which, for the Glauber-model analysis of Ref. [21], is
assumed constant near the NSD value 5 as in case (a)
(dash-dotted). In contrast, the p-Pb TCM trend of case
(c) follows that for p-p (dashed) with Npart/2 ≈ 1 over
a substantial interval as required by p¯t data. Above a
transition point (ρ¯s0 ≈ 15) ρ¯0NN continues to increase
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FIG. 10: Left: Participant-pair number Npart/2 vs charge
density ρ¯0 from a Glauber study of 5 TeV p-Pb collisions in
Ref. [21] (points) and from a TCM that describes p¯t data
reported in Ref. [15] (solid). The dashed curve is Npart/2 =
ρ¯0/4.5. The hatched bands denote effective limits for the
two trends. Right: Hadron production per participant pair:
trends from the Glauber study in Ref. [21] (dash-dotted), from
the p-Pb p¯t TCM (solid) and from the p-p TCM (dashed).
linearly but with reduced slope (m0 ≈ 0.1) as Npart in-
creases above 2. Near the limit of p¯t data at ρ¯0 ≈ 120
(and Npart ≈ 8) ρ¯0NN ≈ 30 is just half the value 60
reached by isolated 7 TeV p-p collisions for p¯t data as in
Ref. [25] and App. A but implies 36-fold increase in dijet
production compared to the NSD value ≈ 5 implicit in
the Glauber analysis.
The large discrepancies between Glauber model and
TCM can be interpreted as follows: The relative varia-
tions of Npart and ρ¯0NN with nch condition (or p-Pb cen-
trality) depend on the relation between probability distri-
butions on those parameters. The assumptionNpart ∝ ρ¯0
in Ref. [21] (points in the left panel) implies that the dis-
tribution on Npart (as simulated by the Glauber MC) is
much broader than that on ρ¯0NN , so with increasing nch
variation of Npart is rapid while variation of ρ¯0NN is neg-
ligible. The TCM result implies that the distribution on
Npart must be much narrower than that on ρ¯0NN .
A study in Reference [15] concludes from p¯t data that
the distribution on Npart is indeed quite narrow com-
pared to a p-p probability distribution on nch, and much
narrower than the Glauber MC result. For smaller nch
the cases (a) and (b) relating to Eq. (20) are clearly ex-
cluded by the coincidence of p-p and p-Pb data in Fig. 3
(left); Npart must remain near 2 for lower nch, contradict-
ing the Glauber MC. Above the transition the TCM and
Glauber model represent limiting cases for Npart, but p¯t
data also strongly favor the TCM distribution there.
A follow-up study in Ref. [26] offers an explanation:
The Glauber approach with eikonal approximation esti-
mates the number of p-N geometric encounters during
projectile passage through a target nucleus. Each such
encounter is then assumed to be an actual p-N collision,
with multiple simultaneous collisions not only possible
but likely. The result is the Glauber trends in Fig. 10.
Reference [26] suggests that simultaneous p-N collisions
are excluded, in which case the maximum Npart value for
p-Pb is near 8 as for the TCM trends in Fig. 10. Exclu-
sion of multiple simultaneous collisions is also consistent
with the quadratic relation ρ¯h ≈ αρ¯2s for p-p collisions
that implies full overlap for any actual p-N collision.
The consequence for uncertainty estimation is that
based on p¯t data the actual trend for Npart vs ρ¯0 must be
close to the TCM trend in Fig. 10 (left) as a lower limit.
For more-peripheral collisions the uncertainty is negligi-
ble due to the constraints of p¯t data. For more-central
collisions the possibility of additional mechanisms for p¯t
variation (jet modification, flows) could increase uncer-
tainties, but indications from spectrum analysis (e.g. the
present study) exclude a flow contribution. Observed
spectrum hard-component trends indicate that jet pro-
duction is effectively unmodified in p-Pb collisions.
C. TCM model functions
Parameter values for PID TCM model functions on
yt are shown in Table III. Coverage or acceptance on yt
for various hadron species varies greatly, leading to quite
different uncertainties. For pions q is poorly determined
because the spectrum terminates at 3 GeV/c near the
transition point from Gaussian to exponential tail. Gaus-
sian parameters y¯t and σyt are better determined and are
consistent with the trend for unidentified hadrons from
Ref. [17], as are soft-component parameters (T, n).
The charged-kaon data are similarly restricted on yt
and cannot therefore compete with the neutral-kaon data
with their large acceptance pt ∈ [0, 7] GeV/c. Since spec-
tra for the two species are reported to be statistically
equivalent where they overlap (confirmed in the present
study) the parameters for charged kaons K± are simply
copied from those for neutral kaons K0S . The uncertainty
for soft-component parameter n is large because the hard
component makes a large contribution to spectra, thus
reducing sensitivity to the tail of the Le´vy distribution.
Because protons and Lambdas have similar masses
their spectra are expected to be similar in form. Their
yt coverage is complementary in that Lambda data also
extend to 7 GeV/c but proton data extend to lower pt.
Those differences are reflected in the parameter uncer-
tainties. (T, n) are determined by proton data whereas
(y¯t, σyt) are determined by Lambda data. The baryon
high-yt tails drop much faster than those for mesons so
q is substantially less certain (and larger) for baryons.
In Sec. II A it is observed that the proton TCM does
not describe spectrum data properly. The difference
is shown in Fig. 6 (b) and problems seem confined to
the spectrum hard component. As noted in Sec. VIII A
the TCM is constrained such that parameters are not
adjusted arbitrarily for individual collision systems or
hadron species. The proton TCM provides a predic-
tion from which the data deviate strongly. The devia-
tion source is not evident but simple tracking inefficiency
seems unlikely: The soft component is unaffected [see
Fig. 1 (e) below 1 GeV/c], and the suppression is exactly
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centered on the hard-component peak [see Fig. 6 (b)].
D. Accuracy of PID spectrum parameters
Given the PID spectrum yt model parameters in Ta-
ble III those related to species abundances for soft and
hard components are presented in Table IV. As noted
above, those parameters are determined by spectrum
properties for yt → 0 and are thus insensitive to hard-
component properties. However, their values determine
the relation of spectrum soft and hard components via
zh/zs. The accuracy of the parameter values is then re-
flected in TCM descriptions of spectrum and p¯t data.
Roughly speaking, zh/zs and z0 parameter values can
be determined to about 10% by comparing data to TCM
soft components as in Figs. 4 (left), 5 (c) and 6 (a). The
accuracy of the resulting TCM is then demonstrated in
the right panels of those figures where, except for protons,
the inferred data hard components agree in amplitude
with the unit-normal TCM models within the same 10%.
Table IV also includes values for soft and hard en-
semble means p¯tsi and p¯th0i derived from TCM model
functions Sˆ0i(yt) and Hˆ0i(yt) according to parameter val-
ues in Table III. When combined with hadron-species-
independent geometry parameters x(ns) and ν(ns) in
Eq. (19) predictions for ensemble-mean p¯ti are produced.
Figure 8 shows p¯t vs nch data for pions, kaons, protons
and Lambdas from Ref. [2] (solid points) vs TCM trends
from Eq. (19) (solid curves). The agreement for mesons is
well within point-to-point uncertainties. The large error
bars for charged kaons are associated with extrapolation
of limited spectrum data to yt → 0 [see Fig. 5 (a)]. But
since K± and K0S spectra are statistically equivalent the
real extrapolation uncertainty is negligible [see Fig. 5 (c)],
and that is reflected in the close correspondence of data
and TCM(s) for the two kaon species.
The situation with baryons is markedly different. Ex-
trapolation uncertainties for protons should be much less
than for Lambdas because of the lower spectrum cutoff
[see Fig. 6 (a) and (c)], but proton hard components ap-
pear to be systematically suppressed by about 40% only
near the mode [see Fig. 6 (b)] as represented by the dash-
dotted curve in Fig. 8. The baryon solid curves in Fig. 8
are determined by Eq. (19) with fixed hard components
and no suppression, but the systematic centroid shifts in
Fig. 6 (b) and (d) lead to displacement of p¯t data relative
to TCM trend from lower to higher with increasing nch.
The proton discrepancy illustrates the predictive power
of the TCM: it is not adjusted to accommodate individual
cases. The TCM serves as a fixed reference system appli-
cable to any A-B collision system. Anomalous behavior
can then be detected and characterized accurately.
E. Comparison with blast-wave model fits
In Ref. [2] the BW spectrum model applied to p-Pb
collisions is described as giving “the best description of
the data over the full pT range,” referring to individual
BW fits to each hadron species and centrality class, where
the “full pT range” depends strongly on specific hadron
species (see Fig. 1). However, BW parameters (Tkin, β¯t)
for each centrality class as reported in Table 5 of Ref. [2]
are obtained from simultaneous fits to all hadron species.
For the simultaneous fits the actual pt range is deter-
mined by the low-pt acceptance limit for each species as
above but by “agreement with the data at high pT ” (i.e.
the pt upper limits are chosen based on fit quality – see
horizontal lines labeled BW in Figs. 4, 5 and 6). But
χ2 is a measure of “agreement with the data,” so the χ2
values in Table 5 simply reflect a process of data selec-
tion, are not indicative of the likelihood of the fit model.
Note that χ2 values for seven centrality classes are all less
than 1 with mean value 0.45, whereas the mean of the χ2
distribution per degree of freedom is 1, with roughly half
the values expected to be above 1 for an acceptable data
description. The χ2 values in Table 5 then likely reflect
a strong bias resulting from data selection via pt cuts.
It is notable that χ2 is greatest for the most-peripheral
centrality class where the TCM soft component (what
should be described by a hydro model if such a model
were appropriate) is by far the dominant component com-
pared to the jet contribution. For the most-central col-
lisions (at least according to the Glauber model), where
jets clearly dominate, χ2 is lowest. That combination of
features suggests that the BW model is unlikely to reflect
actual hadron production mechanisms in p-Pb collisions.
In contrast, the TCM is required to describe all avail-
able data self-consistently with minimal parametrization.
Section V B illustrates the description quality. The devi-
ations for proton data in Fig. 6 (b) emphasize the impor-
tance of a fixed model in revealing data-model anomalies.
IX. DISCUSSION
As summarized in Sec. II, Ref. [2] interprets PID spec-
trum data to conclude that “collectivity” (e.g. radial
flow) is manifested in p-Pb collisions. The conclusion
is based on certain terminology, preferred analysis meth-
ods and argument by analogy. As a consequence p-A or
d-A data, initially assumed to serve as a control for QGP
discovery in A-A collisions, no longer serve that purpose.
p-Pb PID spectra are said to “flatten” or become
“harder” with increasing nch or p-Pb centrality, i.e. spec-
trum slopes for lower pt are observed to decrease. The
slope changes exhibit “mass ordering,” i.e. the effects in-
crease with increasing hadron mass. It is then argued by
analogy that since similar effects are observed in Pb-Pb
collisions, and since such effects observed in A-A colli-
sions are conventionally interpreted to arise from radial
flow as the “natural explanation,” the cause in p-Pb colli-
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sions must also be “collective” radial flow. In this section
such arguments are confronted with alternative evidence
derived in part from the present PID p-Pb study.
A. Evidence for and against flows from pt spectra
Evidence for “collectivity” (flows) has been reported
previously for p-Pb collisions at the LHC, including ap-
parent indications of hydrodynamic flows [6, 27, 28].
In A-A collisions the presence of a flowing dense QCD
medium has been associated with “jet quenching” [29].
In Sec. II BW fits to PID spectrum data as reported in
Ref. [2] are briefly summarized. It is observed that BW
parameters β¯t and Tkin have similar values for p-Pb and
Pb-Pb collisions. Those results are then interpreted as
“consistent with the presence of radial flow in p-Pb col-
lisions.” It is further noted that “a larger radial velocity
in p-Pb collisions has been suggested as a consequence of
stronger radial gradients,” albeit within a smaller system.
However, p-Pb PID spectrum data as presented in the
TCM formats of Sec. V B contradict such claims. Soft
component Sˆ0(yt) (left panels) for a range of p-Pb nch
remains consistent with isolated p-p collisions and with
a common energy dependence extending over three or-
ders of magnitude in
√
s. The inferred spectrum hard
components (right panels) are approximately indepen-
dent of p-Pb nch and consistent with jet properties in-
ferred from isolated p-p collisions over a large energy in-
terval [17]. There is no significant evidence for radial
flow (e.g. boosted yt spectra) or for modification of par-
ton fragmentation to jets (i.e. FF modification [18]). The
argument for larger gradients in smaller systems implies
that central densities must remain similar for all collision
systems, but central densities must scale with participant
number which should be proportional to system size.
B. p¯t trends vs flow interpretations
Figure 8 shows PID p¯t data reported in Ref. [2] (solid
points) and corresponding TCM trends (solid curves) for
5 TeV p-Pb collisions. p¯t data certainly reflect evolving
pt spectrum structure, but with greater statistical pre-
cision due to integration. It is notable that the most
rapid increase of p¯t occurs for lowest nch. For unidenti-
fied hadrons from 5 TeV p-p and p-Pb collisions the two
p¯t trends are identical up to ρ¯0 ≈ 20 (i.e. four times the
NSD value 5) and it is likely that PID data for p-p colli-
sions also agree with those for p-Pb within that interval.
p¯t values do increase strongly with hadron mass, but for
larger nch the overall p¯t trend is strong decrease with
increasing system size from p-p to p-Pb to Pb-Pb [16].
Several questions arise concerning flow interpretations
of p¯t data: In the context of a flowing dense medium
where is the transition (e.g. on nch) from free-flying par-
ticles (no inertial confinement) to rescattering within a
dense medium (confinement increasing with densities and
system volume)? For instance, why doesn’t p¯t increase
more rapidly for larger nch or more rapidly in Pb-Pb
(than in p-p) where inertial confinement is more likely?
In a flow context it is expected that p¯t increases more
rapidly for more-massive hadrons because within a com-
mon velocity field particle momentum should increase
with hadron mass. But that implies soft components of
pt spectra should be boosted to higher yt proportional to
hadron mass. Why is a common boost not observed for
the PID spectra in Sec. 8 [Sˆ0(yt) shapes do depend on
mass, but all proceed from yt = 0, not a boosted value]?
TCM analysis of pt spectra and p¯t data provide an-
swers. Based on differential spectrum structure as shown
in Sec. V B p¯t increases with nch and hadron mass be-
cause of the large MB dijet contribution to hadron pro-
duction, while soft components remain invariant. More
jet-related hadrons are produced but with the same hard-
component yt distributions, and there are copious jet-
related baryons (large zh/zs values) as determined ex-
perimentally. There is no indication of a flow component
in PID spectra. The inverse hierarchy p-p > p-Pb >
Pb-Pb for p¯t data is explained in terms of typical ρ¯sNN
values for the three collision systems that have the same
ordering and the relation ρ¯hNN ∝ ρ¯2sNN that determines
MB jet production with, at least in p-p and p-A systems,
no jet modification.
C. Preferred analysis methods
Certain analysis methods, statistical measures and
plotting formats have been conventionally preferred over
a range of alternatives in the analysis of high-energy par-
ticle data. pt spectra are typically modeled and inter-
preted with the implicit assumption that they are mono-
lithic (a single component), represented then by a sin-
gle functional form. Examples include the “power law”
model for p-p spectra from the Spp¯S (jets plus soft pro-
cess) [30], Tsallis model (similar to the TCM soft com-
ponent) [31] and the blast-wave model for A-A spectra
(locally-thermalized flowing medium) [8]. Other choices
include linear pt as an independent variable rather than a
logarithmic scale and the use of spectrum ratios to eval-
uate fit quality and relations among hadron species.
In Ref. [2] the BW spectrum model is applied to in-
dividual BW fits for each hadron species and p-Pb cen-
trality class. The results are described as the best de-
scriptions of data over the full pt range (presumably the
data ranges subtended by the various species). It is noted
that for equivalent ρ¯0 values β¯t for p-Pb is “significantly
higher” than for Pb-Pb (e.g. compare Figs. 11 and 14
of Ref. [16]), leading to speculation that “stronger radial
gradients” may arise in p-Pb collisions. The same ar-
gument applied to p-p p¯t data must conclude that such
gradients are highest in the smallest collision system.
Among alternative possibilities are treatment of spec-
tra as possibly composite, plotting spectra vs logarith-
mic variable yt and differential study of individual spec-
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tra rather than their ratios, the goal being to extract as
much information as possible from particle data. Com-
parison of the same data as plotted in Sec. II vs Sec. V B
illustrates the major differences in visually accessible in-
formation derived from alternative plotting formats.
The TCM results in Sec. V B provide a very different
picture of mechanisms relevant to p-Pb collisions. In-
stead of a monolithic model function with BW parame-
ters varying strongly with collision conditions the TCM
soft and hard model functions are approximately invari-
ant with p-Pb centrality, greatly simplifying the model.
Because the TCM hard component is quantitatively re-
lated to measured jet properties the p¯t trends attributed
to radial flow in the BW context are instead related to
jet physics in the TCM context. (The logarithmic yt ra-
pidity variable allows greatly improved access to low-pt
data where the great majority of jet fragments resides.)
That jet production per final-state hadron (e.g. TCM ra-
tio ρ¯h/ρ¯s) might be largest in the smallest collision sys-
tem (hence driving up p¯t values) is easily explained in
terms of conventional jet physics and the quadratic rela-
tion ρ¯h ∝ ρ¯2s consistent with measured jet cross sections.
p-Pb centrality determination based on the Glauber
model [21], as opposed to direct inference from p¯t
data [15], strongly limits information available from par-
ticle data. In Fig. 8 PID p¯t data from Ref. [2] extend
only to ρ¯0 ≈ 45, assigned by the Glauber analysis to 0-
5% centrality, whereas high-statistics p¯t data extend to
ρ¯0 ≈ 116 corresponding to 4-fold increase in dijet pro-
duction. Claims for collectivity or flows in p-Pb colli-
sions could be much better tested with PID spectra from
higher charge densities and associated jet production.
D. Argument by analogy
Reference [2], arguing by analogy, suggests that com-
monalities between p-Pb spectrum and p¯t data and those
from Pb-Pb collisions imply the presence of collective
flow in p-Pb collisions: “In heavy-ion collisions, the flat-
tening of transverse momentum distribution and its mass
ordering [i.e. relating to variation with nch] find their nat-
ural explanation in the collective radial expansion of the
system.” and “The [p-Pb] transverse momentum distri-
butions show a clear evolution with multiplicity, similar
to the pattern observed in high-energy pp and heavy-ion
collisions, where in the latter case the effect is usually
attributed to collective radial expansion.”
That a particular data characteristic might appear in
Pb-Pb and p-Pb data does not require similar causes,
and attribution of certain trends in A-A collisions to flow
phenomena or quark recombination may be questioned.
Spectrum and yield ratios tend to discard a substantial
fraction of the information carried by particle data [10]
and therefore cannot be relied on for definitive model
tests. The same comments apply to fit models: Applica-
tion of a flow-related spectrum model to spectrum data
does not demonstrate the presence of flow in the corre-
sponding collision system, and differential spectrum de-
tails (e.g. the TCM applied to PID hadron spectra as in
the present study) may exclude a flow interpretation.
E. Abandoning control experiments
In preparation for initial RHIC operations data from
d-Au collisions were promoted as a control experiment for
possible discovery of QGP in more-central Au-Au colli-
sions (e.g. Ref. [32]). Whereas a phase transition to a
QGP was expected to require large energy and particle
densities d-Au collisions should represent “cold nuclear
matter” and no transition. The apparent contrast be-
tween Au-Au and d-Au data (e.g. apparent presence or
absence of jet quenching) was then cited as confirming
discovery [3]. But recent observations in p-Pb [4] and
even p-p [5] data from the LHC of certain characteristics
(e.g. one or more ridge structures, pt spectrum “harden-
ing” with increased centrality or hadron mass) conven-
tionally associated with “collective” behavior (i.e. flows)
in A-A collisions have led to speculation that flows and
QGP might be possible even in the smallest systems, al-
beit corresponding to higher energies and charge densi-
ties [6].
Such reasoning betrays the function of a control exper-
iment. Theoretical understanding of QCD and a conjec-
tured phase transition led to a prediction: QGP may be
possible in the largest A-A collision systems but not pos-
sible in low-density smaller systems. If phenomenon X is
observed in A-A but not in p-A it is a candidate QGP
indicator (e.g. elliptic flow, jet quenching). But if X is
observed to a significant extent in both large and small
collision systems it is unlikely to be associated with QGP
formation and flows according to the original theoretical
expectation. Concluding that QGP must be a universal
manifestation even in small low-density systems betrays
the role of the control experiment: In essence, theory is
modified to accommodate data and is then not falsifiable.
For example, a nonjet quadrupole feature [i.e. v2 ∼
cos(2φ)] is accurately inferred for 2D angular correlations
on (η, φ) from 200 GeV p-p collisions [11]. Arguing by
analogy with the v2 interpretation in A-A collisions one
might then conclude that elliptic flow must appear in
the smallest collision system. But p-p collisions are in-
tended to serve as a control experiment for claims of jet
quenching and flows in A-A collisions, for instance in the
form of spectrum ratio RAA. In fact, systematics of the
quadrupole component in p-p (e.g. its nch dependence)
make a flow interpretation unlikely there [11], casting
doubt on flow interpretations of v2 data in A-A collisions.
Similarly, interpretation (again by analogy) of certain
pt spectrum properties in terms of radial flow in p-Pb
collisions (as a nominal control experiment) are falsified
by the PID spectrum analysis of the present study. Spec-
trum structure is accurately and exhaustively described
by a TCM including an invariant soft component and
a hard component quantitatively related to jet produc-
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tion. The p-Pb result is consistent with previous analysis
of 200 GeV Au-Au collisions in which radial flow was ex-
cluded by TCM analysis [13]. Control experiments based
on differential analysis of all available information reveal
that certain data features appearing in A-A and even p-A
or d-A collisions, previously interpreted in terms of flows
and QGP, are more likely manifestations of MB jets [10].
Problems raised by claims for collectivity in small sys-
tems (i.e. control experiments) have been recognized [7]:
“With decreasing system size, one may expect a transi-
tion from collective behavior to free streaming on scales
where the mean free path...of medium [QGP, perfect
liquid] constituents becomes comparable to the system
size.... Experimentally, however, no indications for the
existence of such an onset of collective behavior with
system size have been identified so far [see (a) below].
Signatures of collectivity such as higher-cumulant flow
harmonics [see (b) below] display a remarkably weak de-
pendence on system size. Understanding the apparent
absence of a minimal scale for collective behavior is a
central problem of the field for which qualitatively differ-
ent solutions remain to be explored in more detail....” (a)
Experimental evidence for a “sharp transition” (on cen-
trality) of jet modification within Au-Au collisions (from
no jet quenching to strong jet quenching) has been es-
tablished previously [14], whereas no jet modification is
observed in p-p [11] or p-Pb (the present study) collisions,
and (b) emphasis on what are denoted “flow [higher] har-
monics” and their interpretation as indicators of “collec-
tivity” (flows) may be strongly questioned [33, 34]. The
present TCM study indicates no significant evidence for
radial flow in p-Pb PID hadron spectra (see Sec. IX A).
F. Collectivity inferred from angular correlations
While the present study focuses on p-Pb pt spectrum
properties for PID hadrons, arguments for manifestations
of “collectivity” or flows in small systems have mainly
been based on one or two “ridge” features in 2D angular
correlations [4, 5]. However, the nch trends for those
features rule out a flow interpretation as argued here.
In Ref. [11] 2D angular correlations from high-statistics
200 GeV p-p collisions are studied. The TCM for nch de-
pendence of pt spectra is first confirmed and corresponds
to 100-fold increase of dijet production over the nch in-
terval spanned by the p-p data. Model fits to 2D angular
correlations then reveal three components: (a) the TCM
soft component manifested as a 1D peak on pseudora-
pidity η centered at η = 0 (charge-neutral pairs only);
(b) the TCM hard component consisting of a same-side
(φ = 0) 2D peak on (η, φ) centered also at η = 0 and an
away-side (φ = pi) 1D peak on φ; and (c) a quadrupole
cos(2φ) component on φ representing a third component.
Component (c) should be distinguished from a contribu-
tion to the total quadrupole moment from the 2D jet
peak and is thus referred to as the nonjet quadrupole.
The three correlation components have distinct depen-
dences on charge-density soft component ρ¯s employed as
the system control parameter. As for pt spectra the soft-
component amplitude (a) varies as ∝ ρ¯s and the hard-
component amplitude (b) varies as ∝ ρ¯2s, where “ampli-
tude” here refers to the number of correlated pairs asso-
ciated with a given component. Further analysis reveals
that the nonjet quadrupole component (c) varies as ∝ ρ¯3s.
Those trends are followed precisely over the full nch
range of data. Thus, as dijet production increases 100-
fold the quadrupole amplitude increases 1000-fold and
becomes clearly visible in 2D angular correlations for the
largest nch values. As a result of the increasing two-lobed
(maxima at 0 and pi) quadrupole contribution the same-
side (φ = 0) curvature on φ (excluding the 2D jet peak)
changes sign to become the apparently-single “ridge”
usually referred to [5], while the away-side (φ = pi) curva-
ture increases in magnitude although that aspect is typi-
cally ignored. The full two-lobe quadrupole structure for
LHC data was only recently inferred from p-Pb data [4],
based on visual examination of 2D angular correlations
rather than precision model fits as in Ref. [11].
The observed ∝ ρ¯3s trend for the p-p nonjet quadrupole
leads to several important conclusions: (a) Jet-related
and quadrupole trends are clearly distinct. (b) The cubic
trend is followed precisely over the full nch range for data
down to small charge densities. A flowing dense medium
(collectivity) interpretation is therefore quite unlikely.
(c) The cubic trend can be recast as ∝ NpartNbin in
terms of number of participant low-x gluons Npart ∝ ρ¯s
and their binary collisions to produce dijets Nbin ∝ ρ¯2s.
The ∝ NpartNbin quadrupole trend for p-p collisions
can be compared with the ∝ NpartNbin2opt trend for
Au-Au collisions as determined in Ref. [35], where in the
latter case Npart and Nbin refer to number of nucleon N
participants and N-N binary collisions. As for p-p col-
lisions the same nch trend is followed precisely by the
nonjet quadrupole over the complete centrality range for
Au-Au collisions. The same trend is observed for LHC
Pb-Pb collisions [35]. There is no significant correlation
with the strongly-varying modification of jet formation
(jet quenching) [14] attributed to energy loss in a dense
medium, again making a flow interpretation unlikely.
For p-p collisions there is no eccentricity dependence
(i.e. no 2opt factor as appears for A-A collisions [35]).
That observation is consistent with a conclusion from
pt spectrum data that centrality plays no role in p-p
collisions [11, 12, 36, 37]. Each p-p (or N-N) collision
requires full transverse overlap [26]. It is possible that
the ∝ NpartNbin ∝ ρ¯3s trend for the p-p quadrupole cor-
responds to a three-gluon interaction resulting in QCD
quadrupole radiation [38]. The ∝ NpartNbin2opt trend for
A-A collisions then suggests that the same three-gluon in-
teraction may be responsible as well, but that the overall
A-A geometry must be eccentric to produce a significant
net quadrupole component from the composite system.
The present TCM study of PID pt spectra from p-Pb
collisions confirms that hadron production is dominated
by TCM soft and hard components. Evidence from 2D
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angular correlations reveals that the nonjet quadrupole is
a distinct third component and must therefore be “car-
ried” by a small minority (i.e. few percent) of hadrons
even for large nch. That conclusion is consistent with
a study of A-A quadrupole trends [35] but inconsis-
tent with a hydro/QGP narrative in which the nonjet
quadrupole is carried by almost all hadrons, and that
most hadrons emerge from a flowing dense medium. In
any case, evidence from 2D angular correlations corrobo-
rates conclusions derived from pt spectrum data as in the
present study: collectivity (i.e. flows) in small collision
systems is unlikely, and the same features interpreted to
indicate collectivity or flows in small systems may also
be misinterpreted as such in more-central A-A collisions.
X. SUMMARY
Certain data features from small collision systems (p-p
and p-Pb collisions) at the large hadron collider (LHC),
e.g. properties of pt spectrum and 2D angular correlation
data, have been interpreted recently as demonstrating
the presence of “collectivity” (hydrodynamic flows) even
for low charge densities. Such interpretations are based
on arguments by analogy, that similar data features in
A-A collisions are interpreted to indicate formation of a
flowing dense medium or quark-gluon plasma (QGP).
Such findings reverse the intended roll of small colli-
sion systems as control experiments based on the assump-
tion that for low-enough particle and energy densities free
particle streaming should be inconsistent with a hydrody-
namic flow description. Any claimed evidence for QGP
formation in A-A should then not appear in a control
collision system representing “cold nuclear matter.”
The inference of collectivity in small systems implies
that there is no threshold point for the onset of collectiv-
ity (and possible QGP formation). Absence of a density
threshold for collectivity or flows has been recognized as
a central problem for interpretation of high-energy parti-
cle data. One suggested approach is development of new
theoretical mechanisms to account for the lack of such a
transition, but an alternative approach is reexamination
of conventional interpretations of certain data features
as demonstrating collectivity, thus challenging the basic
concept of collectivity or flows in any collision system.
To that end the present study is a differential analysis
of identified-hadron (PID) pt spectra from 5 TeV p-Pb
collisions for seven centrality or nch classes. The PID
spectra are described by a two-component (soft + hard)
model (TCM) of hadron production mechanisms. The
soft component is associated with longitudinal projectile-
nucleon dissociation while the hard component is associ-
ated with large-angle scattering of low-x partons (gluons)
to form jets. p-Pb centrality is adopted from a previous
TCM study of p-Pb ensemble-mean p¯t data for uniden-
tified hadrons. Questions to be addressed include: (a)
Is spectrum evolution with nch consistent with expec-
tations for effects of radial flow (soft)? and (b) Is jet
formation modified by parton interactions with a dense
flowing medium (hard)? In a previous study it was ob-
served that p¯t data for peripheral p-Pb are equivalent to
those for p-p over a significant nch interval, thus provid-
ing information on both systems from the p-Pb data.
The main analysis results are as follows: (a) The PID
spectrum TCM provides an accurate description of all
spectrum and p¯t data with one exception – protons –
where the spectrum hard component is found to be sup-
pressed by about 40%. (b) The TCM provides access to
unprecedented details of spectrum structure and system-
atic variation with nch. (c) Spectrum variations with nch
and hadron mass that have been attributed to radial flow
are actually jet manifestations represented by the spec-
trum hard component. (d) Approximate invariance of
PID spectrum hard components with nch demonstrates
that the jet component of hadron production remains un-
modified over a large range of hadron and jet densities.
Precise distinction between TCM soft and hard compo-
nents is based on a quadratic hard-vs-soft relation that is
already evident for measured eventwise-reconstructed-jet
cross sections. PID spectrum soft components, including
the majority of produced hadrons, retain fixed shapes
independent of nch or p-Pb centrality and show no evi-
dence for a common source boost that would indicate ra-
dial flow. The dominant contribution to the TCM hard
component is from lowest-energy jets near 3 GeV which
should be most sensitive to a dense flowing medium if one
existed. PID spectrum data indicate that p-Pb collisions
for any nch are linear superpositions of p-N collisions.
It could be argued that appearance of a ridge or ridges
in 2D angular correlations from small systems may still
indicate some form of medium formation and collectiv-
ity. Angular correlations are outside the scope of the
present study, but evidence from other studies suggests
that the presence of a nonjet quadrupole in p-p and p-A
collisions is the manifestation of a QCD process based
on direct few-gluon interactions, not medium formation.
Observation of a ridge structure in p-Pb collisions where
spectrum structure precludes a dense medium may serve
to buttress such an interpretation. The roll of small sys-
tems as control experiments would then be restored.
Appendix A: p¯t TCM for p-p collisions
The present study of PID hadron spectra from 5 TeV
p-Pb collisions relies critically on p-Pb centrality deter-
mination inferred from p¯t data for unidentified hadrons
as reported in Ref. [15]. This appendix briefly reviews
basic p¯t TCM analysis for elementary p-p collisions.
Reference [39] established that a TCM for ratio p¯t =
P¯t/nch constitutes a good description of LHC data from
p-p and Pb-Pb collisions at several energies and provided
hints as to the mechanism of p-Pb p¯t variation – evolv-
ing from a p-p or p-N trend for smaller nch to a quan-
titatively different but similar trend above a transition
point. Reference [17] presented a detailed TCM anal-
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ysis of p-p pt spectra for a range of energies from 17
GeV to 13 TeV. Soft component Sˆ0(mt,
√
s) varies weakly
with energy and not at all with nch, but hard compo-
nent Hˆ0(yt, ns,
√
s) varies strongly with energy (consis-
tent with variation of the underlying jet spectrum) and
significantly with nch (as established with 200 GeV spec-
tra). Those new spectrum results were then incorporated
within a revised p¯t analysis in Ref. [16], summarized for
p-p here and for p-Pb in Sec. IV C.
Quantities p¯th(ns,
√
s), α(
√
s) and an effective detec-
tor acceptance ratio ξ are used to update results from
Ref. [39]. The TCM for charge densities averaged over
some angular acceptance ∆η (e.g. 0.6 for Ref. [25]) is
ρ¯0 = ρ¯s + ρ¯h (A1)
= ρ¯s[1 + x(ns)],
ρ¯′0
ρ¯s
=
n′ch
ns
= ξ + x(ns),
where x(ns) ≡ ρ¯h/ρ¯s ≈ αρ¯s is the ratio of hard-
component to soft-component yields [12] and α(
√
s) is
defined in Ref. [17]. Primes denote uncorrected quan-
tities. The TCM for ensemble-mean total pt integrated
over some angular acceptance ∆η from p-p collisions for
given (nch,
√
s) is expressed as
P¯t = P¯ts + P¯th (A2)
= nsp¯ts + nhp¯th.
The conventional intensive ratio of extensive quantities
P¯ ′t
n′ch
≡ p¯′t ≈
p¯ts + x(ns)p¯th(ns)
ξ + x(ns)
(A3)
(assuming P¯ ′t ≈ P¯t [16]) in effect partially cancels MB
dijet manifestations represented by ratio x(ns). The al-
ternative ratio
n′ch
ns
p¯′t ≈
P¯t
ns
= p¯ts + x(ns)p¯th(ns) (A4)
= p¯ts + α(
√
s) ρ¯s p¯th(ns,
√
s)
preserves the simplicity of Eq. (A2) and provides a con-
venient basis for testing the TCM hypothesis precisely.
Figure 11 (left) shows p¯t data for four p-p collision ener-
gies from the RHIC (solid triangles [12]), the Spp¯S (open
boxes [40])and the LHC (upper points [25]) increasing
monotonically with charge density ρ¯0 = nch/∆η. The
lower points and curves correspond to full pt acceptance.
For acceptance extending down to zero (ξ = 1), p¯′t → p¯t
in Eq. (A3) should vary between the universal lower limit
p¯ts ≈ 0.4 GeV/c (nch = 0) and p¯th (nch → ∞) as lim-
iting cases. For a lower pt cut pt,cut > 0 the lower limit
is p¯′ts = p¯ts/ξ (dotted lines) and the data are systemati-
cally shifted upward (upper points and curves). The solid
curves represent the p-p p¯t TCM from Ref. [16]. Note
that the 7 TeV p¯t data extend to ρ¯0 ≈ 10 ρ¯0NSD ≈ 60
and were derived from 150 million p-p collision events.
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FIG. 11: Left: p¯t vs nch for several collision energies. The
upper group of points from Ref. [25] are derived from particle
data with a lower pt cutoff. The lower 900 GeV data from
Ref. [40] and 200 GeV data from Ref. [12] are extrapolated to
zero pt. Right: Data from the left panel multiplied by factor
n′ch/ns that removes the jet contribution and the effect of the
low-pt cut on the soft component from the denominator of p¯t.
Figure 11 (right) shows data on the left transformed
via Eq. (A4) to (n′ch/ns)p¯
′
t ≈ P¯t/ns (points). The TCM
curves undergo the same transformation and the slopes of
the resulting straight lines are α(
√
s)p¯th0(
√
s). The data
deviate significantly from the straight-line TCM because
of systematic variation with nch of the pt spectrum hard-
component shape as reported in Refs. [16, 17]. However,
those details are beyond the scope of this spectrum study.
The success of the p-p p¯t TCM confirms that variation
of p-p p¯t is dominated by jet fragments from large-angle-
scattered low-x gluons. The hard yield or angular den-
sity ρ¯h ≈ α(
√
s) ρ¯2s represents the dijet fragment density
determined precisely by soft component ρ¯s. The pt spec-
trum TCM hard component and underlying jet energy
spectrum evolve according to the same rules [22]. The
quadratic relation ρ¯h ∝ ρ¯2s implies that p-p collisions are
noneikonal (compared to the eikonal trend ρ¯h ∝ ρ¯4/3s ).
The quadratic trend (each participant gluon in one pro-
ton can interact with any participant gluon in the partner
proton) implies that p-p collisions with large nch are very
jetty. Reference [16] demonstrates a direct connection
between p¯t hard component p¯th(ns), pt spectrum hard
component H(pt, ns) [17] and jet spectra as in Ref. [22].
Thus, a variety of p-p data provide strong evidence that
MB dijets dominate p-p collisions and p¯t(nch,
√
s) trends.
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